Repeated daily dosing of rats with the occupational chemical 4-vinylcyclohexene diepoxide (VCD) depletes the ovary of primordial and primary follicles through an increase in the natural process of atresia. Additionally, in vitro exposure of Postnatal Day 4 (PND 4) rat ovaries to VCD causes similar follicular depletion. This study was designed to investigate survival signaling pathways that may be associated with VCDinduced ovotoxicity in small preantral follicles. Female Fischer 344 rats (PND 28) were dosed daily (80 mg/kg/day VCD i.p.; 12 days in vivo), and PND 4 ovaries were cultured (VCD 20 or 30 lM; 8 days in vitro). Microarray analysis identified a subset of 14 genes whose expression was increased or decreased by VCD in both experiments (i.e., via both exposure routes). Particularly, the analysis showed that relative to controls, VCD did not affect mRNA expression of growth and differentiation factor 9 (Gdf9), whereas there were decreases in mRNA encoding bone morphogenic protein receptor 1a (Bmpr1a) and Kit. To confirm findings from microarray, the genes Gdf9, Bmpr1a, and Kit were further examined. When growth factors associated with these pathways were added to ovarian cultures during VCD exposure, GDF9 and BMP4 had no effect on VCD-induced ovotoxicity; however, KITL attenuated this follicle loss. Additionally, there was a decrease in Kit and an increase in Kitl expression (mRNA and protein) following VCD exposure, relative to control. These results support that VCD compromises KIT/KITL signaling, which is critical for follicular survival in primordial and primary follicles.
INTRODUCTION
At birth, the mammalian ovary contains a finite number of follicles. In an ongoing process, primordial follicles are selected for activation. However, only a few (,1%) of the oocytes contained in these follicles develop to ovulation for possible fertilization [1] . Rather, the vast majority become activated and degrade at some stage of growth by the natural process of atresia. Chemicals that destroy the primordial follicle population can cause permanent infertility (early ovarian failure), because once destroyed these follicles cannot be replaced [2] .
Repeated daily dosing of rats with the occupational chemical 4-vinylcyclohexene diepoxide (VCD) selectively destroys primordial and primary ovarian follicles [3] [4] [5] . In addition, in vitro VCD exposure in a neonatal rat whole ovarian culture system involves a similar pattern of selective ovarian follicle loss [6] . Although the exact mechanism of follicle depletion is unknown, previous studies have shown that VCD induces follicle loss via an increase in the rate of atresia in both in vivo [4, 5] and in vitro systems [6] . Following repeated daily VCD exposure, the involvement of the proapoptotic branches of the BCL2 family of proteins and the mitogen-activated protein kinase (MAPK) family of proteins were examined in Fischer 344 rat ovarian follicles. Expression of the proapoptotic proteins, BAX [7] and BAD [8] , was increased in primordial and primary follicles but not in larger nontargeted follicles (secondary and antral) isolated from rats following in vivo VCD dosing. An increase in the BAX:BCL2L1 mitochondrial ratio was also observed [8] in those follicles. In addition, c-Jun N-terminal protein kinase (MAPK8) and MAPK14 activities were increased following repeated in vivo VCD exposure [9] . Each of these studies demonstrated an increase in apoptotic activity in the target follicle population following VCD exposure, supporting that VCD increases the natural process of atresia [5] .
A number of cellular survival pathways within the ovary are involved in maintaining the viability of primordial and small preantral follicles undergoing the early stages of folliculogenesis. If one or more of these survival pathways fail to properly maintain the health of the oocytes or supportive granulosa cells, the end result will be follicular degradation via atresia [10] [11] [12] .
Two TGFB (TGFb) family growth factors, growth and differentiation factor 9 (GDF9) and bone morphogenetic factor 4 (BMP4), have both been shown to contribute to rat ovarian follicular survival and folliculogenesis by targeting granulosa cells. GDF9 is produced in oocytes and signals through its receptor on granulosa cells to promote follicular growth [13] and is required during early folliculogenesis [14] . Also, GDF9 elicits antiapoptotic effects during folliculogenesis [15] , and exposure of neonatal rat ovaries to GDF9 in vitro specifically promotes development of early primary but not primordial follicles [16] . BMP4 is produced in interstitial cells and binds its receptor, BMPR1A, on granulosa cells to influence follicular development [17] . Exposure of BMP4 in vitro to neonatal rat ovaries has been shown to promote survival and development of primordial follicles [18] . Thus, based on these previous studies, GDF9 and BMP4 appear to play critical roles in the maintenance of normal ovarian folliculogenesis working through granulosa cells.
Another growth factor, Kit ligand (KITL; also referred to as stem cell factor, steel factor, and mast cell growth factor), is produced in granulosa cells and signals the oocyte through KIT, a tyrosine kinase plasma membrane receptor [19] . KITL activates the PI3K/AKT signaling pathway within the oocyte of small preantral follicles. Several studies have shown that female mice that have naturally occurring mutations in Kitl or Kit are infertile due to abnormalities in ovarian development [20] . KITL is able to stimulate oocyte growth [21, 22] , induce primordial follicle development, and initiate folliculogenesis [23] . In addition, KITL is able to act as an antiapoptotic factor on oocytes in primordial follicles [24] . Therefore, the interaction between KITL and KIT plays a crucial role in the progression of early folliculogenesis and follicular survival.
Because previous studies have shown that VCD contributes to an increase in proapoptotic signaling pathways, it is possible that VCD also affects cellular survival pathways within primordial and primary follicles, thereby compromising follicle survival and contributing to follicular atresia. Therefore, the purpose of the current study was to examine the involvement of cell survival signaling pathways associated with VCD-induced ovotoxicity in primordial and primary follicles. Oligoarray analysis was performed to identify survival pathways affected by both in vivo and in vitro VCD exposure in the Fischer 344 rat ovary. IN) . All animals were housed in plastic cages and maintained in a controlled environment (228C 6 28C; 12L:12D cycles). The animals were provided a standard diet with ad libidum access to food and water. All animals were given 1 wk to acclimate to their environment prior to the start of experiments. Pregnant rats were housed one per cage, and the pups were removed on PND 4 for ovary cultures. Postnatal Day 21 rats were housed four per cage during the dosing period. All animal experimentation was approved by the University of Arizona Institutional Animal Care and Use Committee.
MATERIALS AND METHODS

Reagents
Animal Dosing
Postnatal Day 28 female rats were administered an i.p. injection with sesame oil (vehicle control, 2.5 ml/kg) or VCD (80 mg/kg/day, 0.57 mmol/kg, 2.5 ml/kg) for 12 days [4] . The 12-day dosing regime was selected, since previous studies had shown a 50% loss of primordial and primary follicles after 15 days of daily dosing in rats [5] . Thus, the 12-day time point would provide a representation of gene expression changes due to VCD without having lost a great amount of follicles.
Ovarian Follicle Isolations
Rats were asphyxiated using CO 2 4 h following the final dose. Ovaries were excised, trimmed of excess tissue, and placed into M199. Eight ovaries from four rats in the same treatment were grouped together for dissociation. Ovaries were minced and gently dissociated in a solution of BSA, DNase I, and collagenase I as previously described [25] . Ovarian digests were filtered through a 250-lm nylon screen to exclude large antral follicles. Using micropipettes, preantral and small antral follicles were hand sorted by size into fraction 1 (25-100 lm; small preantral follicles containing primordial, primary, and some small secondary follicles) and fraction 2 (100-250 lm; large secondary follicles and small antral follicles). A total of four separate pools of fraction 1 and 2 follicles (n ¼ 4) were collected for oligoarray analysis and were designated as control fraction 1 follicles, CF1 (reference sample); control fraction 2 follicles, CF2; VCD fraction 1 follicles, VF1; and VCD fraction 2 follicles, VF2.
Ovarian Cultures
Culturing of ovaries in vitro was performed as previously described [23] with some modifications. Female PND 4 rat pups were killed by CO 2 asphyxiation followed by decapitation. Uterus, oviduct, fat, and excess connective tissue were separated from the ovaries in ice-cold Hanks Balanced Salt Solution. Ovarian culture medium (250 ll) consisting of DMEM/Ham F-12, 1 mg/ml BSA, 1 mg/ml Albumax, 50 lg/ml ascorbic acid, 27.5 lg/ml transferrin, 5 U/ml penicillin, and 5 lg/ml streptomycin were allowed to equilibrate in 48-well culture plates in a humidified incubator at 378C, 5% CO 2 in air for at least 1 h prior to ovary collection. Appropriate concentrations of VCD (10, 20, 30 , and 40 lM), KITL (25, 50, 100, 200, and 400 ng/ml), GDF9 (50, 100, and 200 ng/ml), or BMP4 (50, 100, and 200 ng/ml) were added to medium prior to equilibration. A small piece of Millicell-CM filter insert was placed on top of the culture medium. With fine forceps, ovaries were placed onto floating filter inserts (one ovary per well). A drop of medium was placed on top of each ovary to prevent drying. Ovaries were cultured for 4, 6, or 8 days, with appropriate treatments and medium changed every 2 days. At the completion of culture, ovaries were processed for oligoarray analyses, histological evaluation, protein isolation, or RNA isolation. Samples for oligoarray analysis were designated as follows: control cultured, OC; VCD cultured, OV.
Ovarian Follicle Counts
Ovaries were processed for histological evaluation by placing them in Bouin fixative solution for 1 h. Each ovary was dehydrated, embedded into a paraffin block, sectioned (4-to 5-lm thickness), and stained with hematoxylin and eosin. Ovarian follicles were classified and counted in every 12th section for cultured ovaries. Only follicles with a distinct oocyte nucleus were counted. The classification scheme for ovarian follicles is as follows: 1) primordial, a single layer of squamous granulosa cells; 2) transient (seen only in Figure 6 ), an enlarged oocyte with a single layer of squamous granulosa cells (according to Reddy et al. [26] ); 3) primary, a single layer of cuboidal granulosa cells; 4) secondary, two or more layers of granulosa cells without the presence of an antral cavity; 5) atretic, oocyte stained pink, follicle structure misshapen, condensed chromatin in oocyte nuclei, or focal contact lost between the oocyte and granulosa cells; and 6) healthy, diffuse chromatin staining in oocyte nuclei and focal contact between oocyte and granulosa cells intact.
RNA Isolation
Total RNA from ovarian follicle fractions or cultured ovaries was isolated with an RNeasy Mini Kit according to the manufacturer's protocol for RNA extraction from tissue. For oligoarray analysis, five cultured ovaries per treatment group for each pool and each group of fraction 1 or 2 follicles were used (n ¼ 4). For real-time PCR analysis, RNA was isolated from 10 cultured ovaries per treatment group. RNA was quantified using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE) and KIT/KITL ROLE IN VCD-INDUCED OVOTOXICITY 319 measured for integrity and purity using an Agilent Bioanalyzer 2100 (Agilent Technologies Inc., Santa Clara, CA). RNA was further concentrated for all total RNA samples using an RNeasy MinElute Kit according to the manufacturer's protocol.
RNA Amplification
Up to 2 lg total RNA was amplified into sense RNA using a SenseAmp Kit. All amplification reactions were carried out according to the manufacturer's protocol. Modifications included using the RT enzyme from an Endo-free kit for cDNA synthesis and using all reverse transcribed cDNA for the in vitro transcription (amplification) reaction. Following cleanup of the sense RNA, the quantity of sense RNA was measured on a NanoDrop ND-1000 spectrophotometer.
Oligoarray Hybridization and Analysis
Oligoarray hybridization and analysis were performed as previously described [27] with some modifications. Samples for oligoarray analysis were: control fraction 1 follicles, CF1 (reference sample); control fraction 2 follicles, CF2; VCD fraction 1 follicles, VF1; VCD fraction 2 follicles, VF2; control cultured, OC; and VCD cultured, OV. Amplified sense RNA (3 lg) was reverse transcribed to antisense cDNA using an Endo-free RT kit according to the manufacturer's protocol with the incorporation of amino allyl dUTPs and dinucleotide triphosphates into the cDNA. RNA was primed using random hexamers, and the RT reaction was maintained at 428C for 2 h. After incubation, cDNA was denatured and followed by a base hydrolysis. Amino allyl-modified cDNA was purified using a QiaQuick PCR Purification Kit according to the manufacturer's protocol. Purified cDNA was labeled with Alexa 555 or 647 dyes. Labeled cDNA was pooled and purified using a QiaQuick PCR Purification Kit. An equal volume of 23 hybridization buffer (83 SSC, 60% formamide, 0.2% SDS) and 10 lg Cot-1 DNA was added to the purified cDNA. The cDNA was hybridized overnight to an oligoarray slide printed with Operon's 6.1K rat oligo version 1.0 and 1.1 sets (6144 genes in triplicate) using a GeneTac hybridization station (Genomic Solutions Inc., Ann Arbor, MI) at 428C. The slides were put through a short wash on the hybridization station, removed, rinsed in 0.13 SSC, and dried before being coated with DyeSaver2 solution.
Prior to scanning, slides were stripped of some of the layers of DyeSaver2 with toluene to prevent an uneven distribution of fluorescence. Hybridized slides were scanned using an arrayWoRxe CCD-based scanner from Applied Precision (Issaquah, WA). A bundled spot-finding analysis software (MolecularWare, Irvine, CA) determined the signal intensity for each spot. A multivariate experimental approach based on the fitting of expression data to an additive linear ANOVA model using the custom software package CARMA [28] containing terms for array and dye effects was used to analyze the intensities of spots on the arrays. The reference sample was used to evaluate effects of VCD as well as differences between primordial and primary follicles (F1) isolated from adult rats and primordial and primary follicles (OC) cultured from neonatal rats. Similar effects of VCD in both systems were assumed to be due to direct VCD exposure rather than differences between age and relative purity of samples. CF1 was used as the reference sample for the microarray experiments to determine the differential gene expression of all of the tissue/ treatment groups. After the initial analysis, comparisons were made between the VCD-treated samples and their appropriate control samples (i.e., CF1 versus VF1, CF2 versus VF2, and control cultured ovaries versus VCD-treated cultured ovaries).
For oligoarray analysis, CARMA was required to compare the five treatment samples (CF2, VF1, VF2, CO, and VO) to the reference sample CF1, since an ''interwoven loop'' hybridization scheme was used. In a usual experiment, one would only compare control samples to treatment samples; however, in this case, there was more than one control group (CF1, CF2, and CO). The CF1 group was chosen as the ''control'' group or reference sample to which all other groups are initially compared, as VCD directly targets this follicle population in the in vivo experiments. A single reference sample is also important for the software to make the necessary corrections for array and dye effects. Using the ''interwoven loop'' design allows for further comparisons between groups, as samples were hybridized to four of the treatment/tissue groups.
Real-Time Quantitative PCR
Real-time quantitative PCR was performed using the RotorGene RG-3000 (Corbett Research, Sydney, Australia) sequence detection system and the Quantitect SYBR Green PCR Kit as previously described [29] . Briefly, all primers were designed using Primer3 software within 300-500 bp of the 3 0 end of the gene. The primer sequences used were Actb (accession no. NM_031144): forward: TCTATCCTGGCCTCACTGTC, reverse: ACGCAGCTCAGTAA-CAGTCC (product 121 bp); Kit (accession no. NM_022264): forward: CTTTTGCGCAAGCTTTTGT, reverse: ATCCCCCGCTCCAAAGTAT (product 145 bp); and Kitl (accession no. NM_021843): forward: GGCCTA-CAATGGACAGCAAT, reverse: TCAACTGCCCTTGTAAGACTTG (product 113 bp). Up to 2 lg of total or amplified RNA was reverse transcribed using SuperScript III according to the manufacturer's protocol. The cDNA was diluted to 8 ng/ll using RNase-free water. The PCR reaction contained 0.4 ll of 25 mM MgCl 2 , 0.35 ll RNase-free water, 0.25 ll SYBR Green I, 5 ll SYBR master mix, 100 pmol forward and reverse primers, and 16 ng cDNA, for a total volume of 10 ll. All reactions were run in triplicate with the following program: 958C for 15 min, followed by 45 cycles of 958C for 15 sec, 588C for 15 sec, and 728C for 20 sec, finishing with a melt cycle consisting of stepwise increases in temperature from 728C to 998C. 
Protein Isolation and Western Blot Analysis
Pools of whole ovarian protein homogenates were isolated via homogenization in lysis buffer as previously described [30] , with some modifications. Briefly, the homogenized samples were kept on ice for 30 min and centrifuged at 10 000 3 g for 15 min at 48C. Supernatant was centrifuged a second time for 15 min after being removed from the tissue pellet. Supernatant was collected, aliquoted, and stored at À808C.
The concentration of isolated protein was determined using a standard protocol of a BCA Protein Assay Kit on a 96-well assay plate. Emission absorbance values were detected with a k ¼ 540-nm excitation on a Synergy HT Multi-Detection Microplate Reader with KC4 software (Bio-Tek Instruments Inc., Winooski, VT). Protein concentrations were calculated from a standard curve using known amounts of BSA protein.
Protein homogenates (10-30 lg) were separated using SDS-PAGE (6%-13%) and transferred to nitrocellulose membranes as previously described [30] with some modifications. Briefly, blots were blocked overnight with agitation in 5% dry milk in Tris-buffered saline with Tween-20 (T-TBS) at 48C. If KIT blocking peptide was utilized for an experiment, a 5-fold excess of peptide was incubated for 8 h at 48C with KIT antibody. Then, the blots were incubated in primary antibody (or with antibody-peptide mixture) in 3% dry milk in T-TBS overnight at 48C (for KIT antibody) or for 1 h at 258C (for KITL antibody). A 1:200 dilution was used for both anti-KIT and anti-KITL primary antibodies. Blots were washed three times for 10 min each in T-TBS, horseradish peroxidase-conjugated secondary antibody (goat anti-rabbit IgG: 1:1000; donkey anti-goat IgG: 1:10 000) was added for 1 h at 258C, and then the blots were washed again three times in T-TBS, followed by a single 10-min wash in TBS. Western blots were detected using chemiluminescence (SuperSignal West Femto substrate or ECL plus substrate) and exposed to x-ray film. Densitometry of the appropriate bands (KIT: 120 and 145 kDa; KITL: 23 kDa) was performed using LabWorks software from a UVP Bioimaging System (UVP Inc., Upland, CA).
Immunofluorescence and Confocal Microscopy
Ovaries were fixed in 4% buffered formalin, paraffin embedded, sectioned (5 lM), and deparaffinized. Microwave antigen retrieval in citrate buffer was completed, and tissue sections were blocked with 5% BSA/PBS for 5 min. Anti-KIT (1:400 dilution; DakoCytomation) was applied for 18 h (48C), followed by biotinylated goat anti-rabbit IgG (Vector) at a 1:75 dilution (1 h). Cy5-streptavidin (Jackson ImmunoResearch Labs) was applied for 1 h at a 1:100 dilution. Sections were treated with Ribonuclease A (50 lg/ml; Sigma) for 1 h, followed by YOYO-1 (Molecular Probes) staining (0.5 lM for 10 min).
Slides were repeatedly washed with PBS, coverslipped with aqueous mounting medium, and stored in the dark at 48C until viewed on a Zeiss (LSM 510 NLOMeta) confocal microscope with an argon and helium-neon laser projected through the tissue into a photomultiplier at k ¼ 488 and 633 nm for YOYO-1 (green) and CY-5 (red), respectively. All images were captured using a 403 objective lens. Omission of the primary antibody for an immunonegative section was performed (data not shown).
Statistical Analysis
In quantitative real-time PCR experiments, threshold numbers (C t values) were set within the exponential phase of the reaction and were used to calculate the relative expression for each gene normalized to Actb RNA in each sample. The ratio of gene expression in VCD-treated samples compared with control samples was then calculated. At each time point, t-test to determine significant differences in gene expression between control and VCD-treated ovaries was carried out. Samples were analyzed separately between sample groups but calculated relative (normalized) to control (1) for the purposes of reporting. For Western blotting, control and VCD-treated protein levels were compared, and ttest was performed. Samples were analyzed separately between sample groups but calculated relative (normalized) to control (100%) for the purposes of reporting.
Comparisons between two means were analyzed using a Student t-test. Comparisons of multiple treatment groups or means were analyzed using oneway analysis of variance (ANOVA) followed by either Fisher protected leastsignificant difference (PLSD; for three means) or Tukey/Kramer (for more than three means) posthoc tests. For all tests, significance was determined by P , 0.05, with a trend for significance assigned at P , 0.1.
RESULTS
Ovarian In Vitro VCD Exposure
From previous studies, in vivo daily dosing of rats for 12 days with VCD (80 mg/kg/day) was determined to be a time point just prior to 50% loss (P , 0.05) of ovarian follicles [4, 5] . Additionally, in a previous study, 50% follicle loss (P , 0.05) in PND 4 rat ovaries cultured with VCD was seen on Day 8 with 30 lM VCD [6] . In accordance with those findings, in the present study there was nonsignificant primordial and primary follicle loss after 12 days of VCD dosing (primordial follicle number: 75% of control; primary follicle number: 72%
FIG. 3. Effect of VCD exposure summary.
A) The Venn diagram displays the results of the common genes targeted by VCD exposure in both the in vivo and in vitro systems as measured using oligoarray analysis as described in Materials and Methods. The in vivo VCD-exposed rats had 33 genes change in fraction 1 (VF1) targeted follicles and seven genes change in the fraction 2 (VF2) nontargeted follicles. The in vitroexposed ovaries from the neonatal ovary culture system had 25 genes that changed in response to VCD exposure (OV). The common genes that changed in both systems in the target population are listed within the intersect of the diagram, with the genes from the nontarget population listed in a separate circle. B) Fold-changes (P , 0.05) in gene expression affected by VCD exposure relative to respective controls (positive values, .CF1; negative values, ,CF1). Asterisk (*) and bolded items indicate different from respective control, P , 0.05.
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of control; P . 0.05). Thus, analogous to follicle loss at the in vivo time point, it was undertaken to identify a VCD concentration at the Day 8 time point in which impending follicle loss was observed just prior to significant loss. Postnatal Day 4 ovaries were cultured for 8 days in the presence of increasing concentrations of VCD (Fig. 1) . Decreases (P , 0.05) in healthy ovarian primordial and primary follicles (target populations) were observed only at the highest (30 and 40 lM) VCD exposures compared with ovaries cultured in control medium. Increases (P , 0.05) in ovarian atretic (unhealthy) follicles were also observed only in the highest VCD exposure groups. Based on these data, the concentration determined for impending follicle loss (20 lM VCD) was used to investigate gene expression in follicles in which VCD had initiated its effects, because once follicle loss had occurred, (30 lM VCD), fewer VCD-affected follicles could be recovered for measurement of mRNA. Conversely, in the experiment evaluating effects of growth factors on VCDinduced follicle loss, 30 lM VCD was used to increase the potential for observing a reversal (P , 0.05) of follicle loss. Figure 2 is a micrograph of ovaries collected on Day 0 (PND 4) or on Day 8 following incubation in control medium or medium containing VCD (20 lM or 30 lM). Follicle counts on Day 0 ovaries were: primordial, 481.5 6 61.5; and small primary, 49.3 6 8.1 (n ¼ 4). There were no large primary or secondary follicles at that time.
Oligoarray Analysis-Effect of VCD: In Vivo Versus In Vitro
Each rat oligoarray was probed with two labeled antisense RNA samples. After complete analysis of all hybridized arrays, the CARMA software generated a list of selected genes altered in comparison to the reference sample CF1. Relative to CF1, 361 genes were significantly changed in at least one of the other five tissue/treatment groups (CF2, VF1, VF2, OC, and OV). Further analysis made comparisons within the sample types (control sample ¼ CF1, CF2, or OC) for genes that changed significantly in response to VCD exposure within that specific sample type. By that assessment, 33 genes were significantly different between CF1 and VF1 follicles, whereas 25 genes were significantly different between OC versus OV ovaries as determined by a t-test comparison (Fig. 3A) . Fourteen genes that followed the same pattern of expression in response to VCD exposure in both systems are shown in the intersect region (Fig. 3A) . Conversely, mRNA expression of only seven genes was significantly changed by VCD in nontarget fraction 2 follicles (Fig. 3A) . None of those genes were affected in VCD-targeted tissues (fraction 1 follicles and cultured ovaries). The fold-changes in genes affected in both systems by VCD exposure in target follicles relative to their respective controls are listed in Figure 3B .
Comparisons of the effect of VCD on mRNA expression were made between two genes (Bmpr1a and Kit) identified by oligoarray analysis in the in vivo as well as the in vitro groups that are known to be involved in survival signaling pathways in small preantral follicles. Additionally, another gene (Gdf9) that was not differentially expressed in the oligoarray experiment but known to be involved in folliculogenesis was examined. Normalized mRNA expression of Gdf9, Bmpr1a, and Kit for the in vivo and in vitro target groups is shown in Figure 4 . No changes in expression of mRNA encoding Gdf9 were caused by VCD exposure in either system. However, decreases in expression of mRNA encoding Bmpr1a (BMP4 receptor) and The effect of VCD exposure on mRNA encoding Gdf9, Bmpr1a, and Kit in both the in vivo and in vitro systems was measured using oligoarray analysis as described in Materials and Methods. Values were normalized to reference sample CF1 as described in Materials and Methods. Values represent the ratio of treatment to control; n ¼ 4 for each exposure system; **P , 0.05, different from control.
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Kit (KITL receptor) were observed in response to VCD exposure in vivo (P . 0.05) and in vitro (P , 0.05).
Effect of Exogenous GDF9, BMP4, and KITL on Ovarian Follicle Numbers During VCD Exposure
Increasing concentrations of recombinant GDF9 (50, 100, and 200 ng/ml), BMP4 (50, 100, and 200 ng/ml), or KITL (25, 50, 100, 200, and 400 ng/ml) alone in neonatal rat ovary cultures (8 days) had no effect (P . 0.05) on the total number of healthy follicles compared with ovaries cultured in control medium (Fig. 5, A-C) . VCD (30 lM) in the medium reduced (P , 0.05) the number of total healthy follicles to approximately 50% of control (Fig. 5, A-C) . Addition of GDF9 or BMP4 to the media containing VCD (30 lM) did not prevent (P . 0.05) the VCD-induced decrease in the number of total healthy follicles (Fig. 5, A and B) . However, in the KIT/KITL ROLE IN VCD-INDUCED OVOTOXICITY presence of KITL, there was a dose-dependent attenuation (P , 0.05) of VCD-induced follicle loss (Fig. 5C ).
Effect of Exogenous KITL on Individual Follicle Types During VCD Exposure
Further investigation of the effect of exogenous KITL on specific follicle populations was made (Fig. 6 ). Increasing concentrations of KITL (25, 50, 100, 200, and 400 ng/ml) alone in neonatal rat ovaries (8 days) did not show a dosedependent effect on primordial follicle number (Fig. 6A) . At two concentrations of KITL, 25 ng/ml and 200 ng/ml, there were increased (P , 0.05) and decreased (P , 0.05) primordial follicle numbers, respectively. Relative to control, exogenous KITL alone had no effect on primary follicle numbers (Fig.  6C) . Interestingly, when specific follicle types were classified, a transient follicle classification was apparent with exogenous KITL at higher concentrations (100, 200, and 400 ng/ml; Fig.  6B ). These follicles contained an enlarged oocyte, with few surrounding flattened granulosa cells. Figure 6D shows the appearance of transient follicles in response to exogenous KITL in which the oocyte has grown; however, the surrounding granulosa cells appear flattened and have not become activated. Relative to VCD alone, addition of exogenous KITL at the highest concentration (400 ng/ml) in the presence of VCD (30 lM) showed a reduction (P , 0.05) in primordial follicle number. In contrast to exogenous KITL alone, VCD plus KITL (200 ng/ml; 400 ng/ml) resulted in increased (P , 0.05) primary follicle numbers compared with VCD treatment alone. Transient follicles appeared in the KITLas well as VCD plus KITL-treated ovaries which, relative to VCD alone, were increased (P , 0.05) at 100 ng/ml and 400 ng/ml KITL. Furthermore, the increase in the numbers of transient follicles at 400 ng/ml KITL in VCD-exposed ovaries was 4-fold higher than that in ovaries treated with KITL alone.
Ovarian Kit and Kitl mRNA Expression Following VCD Exposure
The effect of VCD (20 and 30 lM) on Kit and Kitl mRNA expression was measured using real-time PCR in cultured PND 4 ovaries (Fig. 7) . The relative abundance of Kit and Kitl mRNA on Day 8 following both 20 and 30 lM VCD exposure is shown in Figure 7A 
Ovarian KIT and KITL Protein Expression Following VCD Exposure
Expression of ovarian KIT and KITL protein expression was measured using Western blotting followed by densitometric analysis from PND 4 rat ovaries cultured 8 days in control medium or in 20 or 30 lM VCD-containing medium (Fig. 8) . Two forms of KIT protein were detected in all control and VCD-treated groups (Fig. 8C) . These two protein bands have been noted by Santa Cruz Biotechnology to be KIT precursor (120 kDa) and mature protein (145 kDa). Although the 120-kDa band was not visible in the adult rat ovary, a KIT blocking peptide prevented the appearance of the 145-kDa band for the KIT protein, indicating specificity of the antibody (Fig. 8C) . Densitometric analysis of the 120 þ 145-kDa band revealed that 20 and 30 lM VCD caused a dose-dependent decrease (P , 0.05) in KIT ovarian protein after 8 days in culture (Fig.  8A) . KITL protein (23 kDa) was detected in all control and 20 lM VCD-treated groups (Fig. 8B) . Densitometric analysis of bands revealed that 20 lM VCD caused an increase (P , 0.05) in KITL ovarian protein after 8 days in culture (Fig. 8B) . However, relative to control, at 30 lM VCD, KL protein was not different (P . 0.05) from control.
KIT protein in ovaries incubated with VCD (Day 8; 30 lM) was visualized by immunofluorescence and confocal microscopy (Fig. 9) . Specific staining for KIT was selectively localized within oocytes, with the greatest intensity at the plasma membrane. Additionally, staining intensity was greater in primordial and primary relative to secondary follicles (Fig.  9C ). There was a visible decrease in staining intensity in oocytes in ovaries incubated with VCD (Fig. 9B) . Relative to control, VCD (30 lM) exposure resulted in fewer total numbers of primordial (45.5% of control) and primary (48.7% of control) follicles; however, of those remaining, many did not stain for KIT. KIT staining was unaffected by VCD exposure in secondary follicle nontargets (n ¼ 5; Fig. 9, B and D) . 
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DISCUSSION
Repeated in vivo daily i.p. dosing of rats with VCD (80 mg/ kg/day) for 12 days was found to be a time point just prior to significant small preantral follicle loss. Therefore, an analogous condition for follicle loss during in vitro VCD exposure was determined by a dose response in the whole ovarian culture system. Postnatal Day 4 rat ovaries exposed to VCD (20 lM) for 8 days showed a nonsignificant trend (P , 0.1) in small preantral follicle loss. This supported these as conditions that produce a similar endpoint with in vivo VCD dosing (80 mg/kg i.p.) for 12 days.
Since many of the genes involved in the mechanism by which VCD induces ovotoxicity are unknown, the use of oligoarray analysis, a large-scale gene screening technique, was used to determine genes involved in signaling pathways that were altered by VCD via both (in vivo versus in vitro) exposure systems. A subset of 14 common genes responded within primordial and primary follicles in a similar pattern during both in vivo and in vitro exposure to VCD. Interestingly, only seven genes in the nontarget fraction 2 follicle populations were altered during VCD exposure. None of those genes were affected by VCD in targeted follicles (fraction 1 of rats treated in vivo or whole cultured neonatal rat ovaries). Furthermore, none of them are identified to be associated with any known follicular signaling pathways. Therefore, this supports that the genes identified in fraction 1 follicles (in vivo) that were common to those identified in vitro are likely altered due to specific ovotoxic effects of VCD in the target population of follicles. Because few genes were changed in nontarget fraction 2 follicles in response to VCD exposure, this further suggests that VCD selectively targets those genes affected in small preantral follicles.
Two families involving cell survival pathways that have been shown to play a key role in the intraovarian regulation of follicular development in small preantral follicles are the TGFB family [31] , which includes GDF9 and BMP4, and the PI3K/ AKT signaling pathway [10] [11] [12] 32] , which includes Kit/KITL. Three genes, Gdf 9, Bmpr1a, and Kit, associated with these follicle survival pathways were further assessed. In agreement with oligoarray analysis, there was no change in Gdf 9 expression; however, expression of mRNA encoding Bmpr1a and Kit was decreased (P . 0.05, in vivo exposure; P , 0.05, in vitro exposure). The reasons that effects were significant in the in vitro system and showed only a trend in the in vivo system probably relate to differences in the isolation of tissue. Isolated follicles (in vivo) contain few primordial as well as a number of secondary follicles. This dilutes the VCD-targeted population. Additionally, the follicle isolation takes several hours, during which reversible signaling pathways may return to a more basal level. Conversely, ovaries in culture are collected immediately upon removal, and follicles need not be sorted, since those ovaries are highly enriched in primordial and primary follicles that are targeted by VCD.
The results of the oligoarray analysis suggest that the survival pathways associated with the Bmpr1a and Kit genes may be disrupted in response to VCD. Further examination into the role of each of these genes in VCD-induced ovotoxicity was explored by addition of exogenous survival growth factors to the culture medium of in vitro VCD-exposed ovaries. Although VCD caused no changes in mRNA encoding Gdf 9 in the oligoarray analysis, VCD may have affected its receptor. Thus, it was also further considered in the next experiment to investigate a functional impact of VCD on cell survival pathways.
Addition of the two granulosa cell-associated TGFb survival factors, GDF9 and BMP4, had no effect on healthy follicle numbers during VCD exposure. However, addition of the oocyte-targeted factor, KITL, caused a dose-dependent attenuation of follicle loss caused by VCD exposure. In particular, this was evident in the attenuation of VCD-induced primary follicle loss. Additionally, the effects of high concentrations of exogenous KITL on oocyte growth were demonstrated by the appearance of transient follicles containing enlarged oocytes without the supporting cuboidal layer of granulosa cells. Undetectable numbers of transient follicles were seen in cultured neonatal ovaries incubated in control medium or media containing VCD, BMP4, and/or GDF9. This points to an effect of KITL on selective activation of oocyte growth [21] [22] [23] . Thus, the transient follicles recruited by exogenous KITL are likely from the primordial follicle pool. Follicles with a similar morphological appearance were observed when Pten, a negative repressor of the KIT/KITL signaling pathway, was conditionally turned off in the mouse ovary. Increased recruitment along with premature ovarian failure was seen in the mice lacking Pten expression, presumably due to activation of the PI3 kinase pathway [26] . However, in that study, in the absence of granulosa cell proliferation, these oocytes were destined for atresia. When compared to the respective control (plus KITL), there was a 4-fold increase in numbers of transient follicles formed when VCD was present. These results suggest that VCD accelerates recruitment of primordial oocyte growth and support that KITL can protect the primary follicle pool from the ovotoxic effects of VCD. Collectively, VCD appears to interact with the KIT/KITL and not the GDF9 or BMP4 signaling pathway of survival.
After 8 days in culture, both mRNA and protein expressions of Kit were decreased in response to VCD exposure (20 and 30 lM) . At a concentration of 20 lM VCD, follicle loss has not yet begun, confirming that the reduced expression of Kit is not simply due to lower availability of oocytes contained in small preantral follicles. The effect on KIT protein was confirmed by immunofluorescent staining, which was intensified at the plasma membrane and diffused into the cytoplasm of the oocyte in primordial, primary, and secondary follicles. The staining was reduced by VCD (30 lM) in remaining primordial and primary but not secondary follicles, providing visual evidence of the selectivity of VCD for primordial and primary follicles. Expression of Kitl mRNA and protein was increased following 8 days of culture with VCD. There was a dosedependent increase in mRNA (20 and 30 lM). However, protein was increased at 20 lM but not 30 lM. The reason for the apparent loss of responsiveness with protein at 30 lM VCD could relate to the fact that follicle loss resulted in less KITLexpressing cells for measurement of protein at the concentration. However, because mRNA was increased at that concentration, there may be increased protein degradation in the face of elevated mRNA.
Measurement of the relative abundance of Kit and Kitl mRNA after shorter VCD exposure periods revealed that the decrease in oocyte-derived Kit mRNA preceded an increase in granulosa cell-derived Kitl mRNA. Therefore, the oocyte might be directly affected initially in response to VCD, whereas granulosa cells produce more KITL in a feedback response to the reduced survival signaling within the oocyte. However, it cannot be ruled out that VCD causes direct effects on granulosa cells that compromise their ability to support oocyte survival, thus indirectly affecting KIT. At any rate, the changes in Kit and Kitl expression suggest that VCD is causing a disruption in 326 the associated cellular survival signaling pathway, thereby contributing to follicular atresia. Further studies are necessary to examine the involvement of other signaling components within the PI3K/AKT signaling pathway.
Because the effect of VCD in the target population of follicles was selective for the KIT survival pathway and did not appear to affect the GDF9 or BMP4 pathways, this suggests that VCD is acting directly via signaling pathways and not nonspecifically compromising follicle viability. These results support that either the oocyte is a direct target for VCD or the effects in the oocyte result from indirect targeting of granulosa cells.
In summary, the current studies revealed that KITL is able to attenuate VCD-induced ovotoxicity, whereas GDF9 and BMP4 do not appear to be involved. Also, VCD caused a decrease in Kit and an increase in Kitl expression. These results support that in addition to activation of proapoptotic pathways (BCL2 and MAPK families), VCD also compromises the KIT/ KITL signaling pathway, which is a critical survival pathway in primordial and small preantral follicles. This disruption can explain, in part, the selective sensitivity of primordial and primary follicles to VCD and represents one mechanism by which VCD is ovotoxic.
